High Thermal Conductivity Carbon Foam used for the Thermal Management of Engine Oil by Ott, R. D. et al.
Final Report Certification 
for 
CRADA Number oRNL02- O W ?  
Between 
UT-Battelle, LLC 
and 
A s  hlafid, Z d c .  
(Participant) 
Instructions: 
Mark the appropriate statement in 1 a or 1 b below with an ‘IX.” Refer to the articles in the 
CRADA terms and conditions governing the identification and marking of Protected CRADA 
Information. 
If no PCI is identified, the report will be distributed without restriction. If PCI is identified, the 
report distribution will be limited in accordance with the CRADA terms and conditions 
governing release of data. In all cases items 2 and 3 must be true. That is, the report cannot 
contain Proprietary Information and a disclosure must be filed prior to release of the report. 
This certification may either be made by using this form or may be made on company 
letterhead if the ParticiDant desires. A faxed CODV of this comdeted form is accedable. 
The following certification is made for the subject final report: 
I. (a) The final report contains information that qualifies as “Protected CRADA 
Information” (PCI). The PCI legend is printed on the report cover, and 
the PCI is clearly identified. 
(b) The final report does not contain “Protected CRADA Information.” The 
“Approved for Public Release” legend is printed on the report cover. 
2. The final report does not contain Proprietary Information. 
3. By the signature below, the Participant has no objection to the public 
distribution of the final report due to patentable information. 
(Name) 
(Title) 
7&?dUCf sp2cial;s-t 
$S. 2,2006 
(Date) 
MANAGED BY UT-BAlTELLE 
FOR THE DEPARTMENT OF ENERGY 
CRADA FINAL REPORT 
FOR 
CARDA NUMBER ORNL02-0649 
High Thermal Conductivity Carbon Foam 
used for Thermal Management of Engine Oil 
Ronald Ott, April McMillan and Ashok Choudhury 
Oak Ridge National Laboratory 
Bill Anderson and Frances Lockwood 
Ashland Incorporated and its Division Valvoline Company 
Prepared by the 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37831 
managed by 
for the 
U.S. DEPARTMENT OF ENERGY 
Under Contract DE-AC05-000R22725 
UT-BATTELLE, .LLC 
UT-BATTELLE 
ORNL-27 (4-00) 
DOCUMENT AVAILABILITY 
Reports produced after January 1, 1996, are generally available 
free via the U.S. Department o f  Energy (DOE) Information Bridge. 
Web site http://www.osti.gov/bridge 
Reports produced before January 1,1996, may be purchased 
by members of  the public from the following source. 
National Technical Information Service 
5285 Port Royal Road 
Springfield, VA 221 61 
Telephone 703-605-6000 (1 -800-553-6847) 
Fax 703-605-6900 
E-mail info@ntis.fedworld.gov 
Web site http://www.ntis.gov/support/ordernowa bout. htm 
TDD 703-487-4639 
Reports are available to DOE employees, DOE contractors, 
Energy Technology Data Exchange (ETDE) representatives, and 
International Nuclear Information System (INIS) 
representatives from the following source. 
Office of  Scientific and Technical Information 
P.O. Box 62 
Oak Ridge, TN 37831 
Telephone 86 5-5 7 6-840 1 
Fax 865-576-5728 
E-mail reports@adonis.osti.gov 
Web site http://www.osti.gov/contact,html 
This report was prepared as an account o f  work sponsored by 
an agency of the United States Government. Neither the United 
States Government nor any agency thereof, nor any of  their 
employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness, 
or usefulness of  any information, apparatus, product, or process 
disclosed, or represents that i t s  use would not infringe privately 
owned rights. Reference herein to  any specific commercial 
product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or 
imply i t s  endorsement, recommendation, or favoring by the 
United States Government or any agency thereof. The views and 
opinions of  authors expressed herein do not necessarily state or 
reflect those of  the United States Government or any agency 
thereof. 
CRADA FINAL REPORT 
FOR 
CARDA NUMBER ORNLO2-0649 
High Thermal Conductivity Carbon Foam 
used for Thermal Management of Engine Oil 
Ronald Ott, April McMillan and Ashok Choudhury 
Oak Ridge National Laboratory 
Bill Anderson and Frances Lockwood 
Ashland Incorporated and its Division Valvoline Company 
Prepared by the 
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 3783 1 
managed by 
for the 
U.S. DEPARTMENT OF ENERGY 
Under Contract DE-AC05-000R22725 
UT-BATTELLE, LLC 
Abstract 
The need for maintaining a lower specific engine oil temperature is essential in enhancing 
the longevity of the oil and of the engine and its components. By decreasing the engine 
oil temperature the oil is able to perform its job more efficiently. It is proposed to use the 
carbon foam, with its exceptional thermal management capabilities, to aid in reducing 
and stabilizing the engine oil temperature during steady state operation. Also, it is 
possible to use the carbon foam to heat the engine oil during startup to reduce emissions 
and possibly engine wear. 
The mesophase pitch derived carbon foam, developed at Oak Ridge National Laboratory, 
is a material that offers excellent thermal management capability. The foam has an open 
cell structure (0.98 fraction open porosity) with graphitic ligaments aligned parallel to the 
cell walls. The alignment of the graphitic ligaments in a three dimensional array gives the 
foam homogeneous thermal properties, unlike graphite fibers. The bulk thermal 
conductivity of the foam has been measured to be 175 W/m.K, placing it on the level of 
6061 aluminum, which has a bulk thermal conductivity of 180 W/m.K. Copper has a 
bulk thermal conductivity over two times higher, at 400 W/m.K. 
The proposed research will entail using the carbon foam, with its excellent thermal 
management capabilities, as a cooling and heating medium for engine oil, or in other 
words an oil temperature regulator. The foam will aid in maintaining a specific oil 
temperature during steady state operation and in heating of the engine oil at startup. 
Being able to maintain a consistent oil temperature will ensure better operation of engine 
oil, by extending the life of the oil and engine. All Parties will conduct research efforts in 
order to determine the best utilization of the carbon foam in managing engine oil 
temperatures. 
Statement of Objectives 
There are several technological issues associated with the carbon foam that must be 
addressed in order to determine its compatibility with engine oil. The compatibility must 
be determined under relevant operating conditions, i.e. oil flow rates, oil operating 
temperature range, oil viscosity, oil system pressure, to just name a few. The preliminary 
design of the carbon foam thermal management element will be such that it can be 
incorporated into the engine oil filter. This will aid in reducing the weight, size, cost and 
complexity of the engine oil cooling system. 
The objectives of this research effort are outlined below. 
1. Estimate the engine parameters (SI units) on a 2.3-liter engine (used for benching 
testing) in order to determine a heat balance. 
0 
0 Oil flow rate 
0 Oil sump temperature 
0 
Coolant flow rate 
5 quart oil capacity with oil filter using 5W-30 weight oil 
Oil temperatures coming into and out of oil filter housing 
Average under hood temperature 
2. Chemical compatibility of foam and engine oil 
0 
0 
Coolant temperatures coming into and out of engine block 
Air flow rate over oil filter housing 
How fast must the oil be heated in order to significantly impact cold start 
emissions, and possibly wear? 
Wetting, or wicking, of foam by oil, with and without pressure 
Heat transfer characteristics of carbon foam after it has been exposed to 5W-30 
weight engine oil. Do the heat transfer characteristics of the foam change due to 
oil exposure? 
Design 5 quart capacity bench rig that will simulate 2.3-liter engine 
Test operation of bench rig 
Design and fabricate carbon foam test element to incorporate into bench rig 
Bench experiments will be run by varying the following parameters: 
3. Design and test bench rig and carbon foam test element 
0 
0 
0 
4. Run bench experiments and iterate carbon foam test element as needed 
o Oil temperature 
o Oil flow rate 
o Oil pressure 
o Air temperature 
o Air flow rate 
0 Carbon foam test element will be iterated as needed to optimize bench 
experiments 
Benefits to the Funding DOE Office’s Mission 
Today’s automotive engines have to run hotter in order to meet requirements for better 
fuel economy and lower emissions. With the incorporation of an oil cooler, similar to 
that of the cooling water system radiator, oil temperatures can be reduced and operate at 
an optimal level. In some cases for larger vehicles part of the water cooling system is 
used for oil cooling. These systems add weight, cost, and complexity to the vehicle. 
It is advantageous to maintain a lower more consistent oil temperature because this 
allows the oil to perform one of its many duties, one of which is carrying soot to the oil 
filter. Having thermal stability will allow the possibility to run lighter weight oil, which 
will help improve fuel economy. 
When higher levels of Exhaust Gas Recirculation (EGR) are introduced in the next few 
years, in order to improve emissions, the oil temperatures will increase approximately 
20°F. EGR will also introduce more soot into oil, thus decrease oil life, causing oil 
breakdown. This will cause soot to aggregate, hence producing larger particles causing 
filtration problems. So it is critical to try and develop a better alternative to engine oil 
thermal management systems. 
A significant amount of emissions are produced at engine startup, due to low operating 
temperatures. Being able to warm the engine to operating temperatures rapidly can 
significantly reduce these emissions and help prevent excessive engine wear. The carbon 
foam is capable of heating the engine oil at startup, and provides cooling once the engine 
has reached a steady state temperature. 
Thus, fuel efficiency can be increased through methods of better oil thermal management 
achieved by better thermal management materials which allow weight reduction of 
cooling systems. The carbon foam is an ideal material for this type of application due to 
its lightweight and high thermal conductivity. 
Technical Discussion of Work Performed by All 
Valvoline undertook the responsibility of determining and setting the engine parameters 
at which benching testing would be accomplished. Since Valvoline’s bench testing 
facility utilized a 2.3 liter 4-cylinder engine these parameters were taken as the standard 
(refer to Table 1). Valvoline also designed and built a bench test rig in order to evaluate 
the performance of the carbon foam cooling devices. The bench test rig was designed to 
simulate the 2.3 liter test engine with regard to oil filter, oil flow rate and capacity. This 
bench test rig was utilized to evaluate the performance of the various iterations of the 
carbon foam cooling devices. 
Oak Ridge National Laboratory assumed the role to evaluate the chemical compatibility 
of the carbon foam as well as the design and fabrication of the carbon foam oil cooling 
devices. The chemical compatibility of the carbon foam with engine oil was investigated 
with respect to wetting, wicking and heat transfer characteristics. For these experiments 
an 5W-30 weight engine oil was utilized. 
Carbon foam in several different processing conditions were tested: graphitized non- 
oxidized, graphitized oxidized, and non-graphitized non-oxidized conditions. The three 
different conditions were evaluated to determine if graphitizing and/or oxidizing alter the 
wetting and wicking ability of the carbon foam. For all three conditions the engine oil 
wetted and was wicked by the carbon foam. 
Valvoline designed a built a test stand in order to mimic the temperatures and flow 
conditions seen in the 2.3 L engine configuration. Refer to Figure #1 for an image of the 
test stand. The oil was pumped from a sump that held a heater in order to heat the oil. 
Then the oil was split into two oil filter housings, one to accommodate the carbon foam 
test elements and the other for direct comparison. Thermocouples were located such that 
temperatures of the oil sump, inlet to the oil filters and outlet of the oil filters could be 
recorded. Also the oil flow rate was recordable. A box fan could be located in front of 
the oil filter housings in order to mimic on-road conditions -to have low air flows as 
seen under-hood conditions. 
Figure #l. Image of the test stand built at Valvoline. 
There were in total 4 iterations of carbon foam design elements. The carbon foam oil 
cooling element designs 1 through 3 were to be located in conjunction with the oil filter, 
being located between the oil filter and the oil filter housing. The fourth carbon foam 
element design was a mockup of a typical aluminum oil cooler. 
The first carbon foam design element was a 10” diameter carbon foam disk %” thick with 
a copper annulus with an outer diameter of 3” and an inner diameter of 2.25”and a inner 
carbon foam disk with an outer diameter of 2.25” and an inner diameter of 0.725”. The 
inner carbon foam disk had 8 !h” holes in order to accommodate the oil flow into and out 
of the oil filter. Refer to Figure #2 for images of the 10” disk. It was determined that 
there was not enough surface area at the foadair interface to remove heat. The carbon 
foam element was heating but the heat was not able to escape off the surface. Refer to 
Appendix A for the complete experimental data. It was shown that the lower oil flow 
rates led to larger heat removal but no where near the amount needed for adequate 
performance. 
~ A -  
Figure #2. Images of test element #I  - I O ”  carbon foam disk %” thick. 
In order to increase the surface area on the air side of the foam the second device was 
fabricated fiom the first device. The first element was machined down to an outer 
diameter of 6” and holes where machined radially in order to increase the surface area. 
Refer to Figure #3 for an ideas of what element #2 looked like - minus the fingers (this is 
a image of element #3 which is a modification of element #2). The increased surface are 
on the foadair  side did little to increase the efficiency of the oil cooling carbon foam 
device. Refer to Appendix B for the experimental data. Again, lower oil flow rates led to 
larger amounts of heat removal, or inlet outlet temperature variation. From the 
conclusions of these tests it was decided to increase the foam surface area on the foadoil 
side in order to increase the heat transport fiom the oil to the foam. 
Figure #3. An image of test element #3, but shown here to emphasize the design 
direction from element #1. Element #2 is simple the disk shown here without the carbon 
foam fingers. 
Test element #3 was test element #2 with carbon foam fingers applied to the foam/oiI 
side in order to increase the surface area. Four 2” carbon foam fingers were inserted into 
4 of the !A” holes within the inner carbon foam disk which would be inserted into the oil 
filter. Refer to Figure #4 for images of test element #3. The internal portion of the oil 
filter was removed in order to accommodate the carbon foam fingers. The increased 
surface area on the foadoil  side failed to increase the device’s efficiency in removing 
heat from the oil stream. Refer to Appendix C for the complete experimental data. 
P 
Figure #4. Images of test element ##4 showing the insertion of the carbon foam fingers. 
Test element #4 was a mockup of a traditional aluminum oil cooler radiator. Dimensions 
were taken from a NAPA transmission oil cooler part #ATP 1-4823 and this oil cooler 
was used in side-by-side testing of the carbon foam oil cooler. Although this device 
performed better at removing heat from the oil it did not perform better than the NAPA 
reference cooler. The NAPA reference oil cooler out performed the carbon foam mockup 
oil cooler in all respects. Refer to Figure #5 for an image of element 4 and refer to 
Appendix D for complete experimental data. 
Figure #5. Image of test element #4. Mockup of a typical oil cooler. 
Subject Inventions (As defined in the CRADA) 
Patent #6,729,269 "Carbon or graphite foam as a heating element and system thereof' 
was developed by works at ORNL based on discussions and earlier experiments. 
Commercialization Possibilities 
Due to the lack of performance and cost associated with the carbon foam, no 
commercialization opportunities are seen in the near future. The technology utilizing 
carbon foam as an oil cooling medium is too immature at this point and significant 
research needs to be performed to truly understand its response in such an environment. 
Plans for Future Collaboration 
Currently, there are no plans for future collaboration. 
Conclusions 
As designed the carbon foam oil cooling devices did not perform as expected in 
association with the oil filter or as a stand alone oil cooler. The carbon foam oil cooler 
performed better at removing heat from the engine oil than the carbon foam test elements 
designed to be retrofitted with the oil filter and housing. There are many factors that 
contributed to the lack of performance of the carbon foam oil cooling devices and the 
main one being the lack of understanding of the heat transfer on the oil/foam side as well 
as the foadair side. 
Flow Rate 
(gpm) 
6.01 
6.01 
6.01 
6.01 
6.01 
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3.04 
3.04 
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3.04 
3.04 
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0.99 
0.99 
0.99 
0.99 
0.99 
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Appendix A 
Test filter Test Element 
Tin Tout dT 
(F) (F) (F) 
196 
194 
194 
195 
197 
194 194 
196 196 
196 196 
194 193 
95 
93 
93 
94 
96 
193 191 
193 191 
195 193 
193 192 
192 191 
195 193 
192 189 
191 188 
192 189 
186 177 
186 176 
0 
0 
0 
-1 
-1 
-1 
-1 
-1 
-1 
-2 
-2 
-2 
-1 
-1 
-2 
-3 
-3 
-3 
-9 
-1 0 
Tod 
d(F) (F) 
61.5 141 
62.1 136 
166 129.2 
30.2 87 
33.4 93.2 
31.3 92.5 
57.2 98.6 
57.8 90.9 
57.4 91.2 
23.5 99.4 
25.1 103.8 
25.4 92.8 
49.6 135.8 
50.2 109.8 
152 110.3 
16.2 102.9 
19.2 88.6 
13.1 91 
Air speed 
Air (fpm) 
80 stag. 
78 stag. 
79 stag. 
78 
78 
78 
82 stag. 
82 stag. 
82 stag. 
75.6 
75.6 
75.6 
81 stag. 
81 stag. 
79 stag. 
75.8 
75.8 
75.8 
76 
76 
2400 
2400 
2400 
2000 
2000 
2000 
2145 
2145 
21 45 
2145 
2145 
Date: February 26, 
2003 
Sump temperature (nominal) = 200 F. 
Inlet temp of oil filter 2 is same as test filter. 
No temp. difference was seen on filter 2 at 6 gpm. 
The temperature difference on filter 2 was 1-2 deg less than that for the test filter 
at 3 and 1 gpm. 
The temperature difference on filter 2 appeared to be more than on the test filter 
at 0.21 gpm. 
Test element temps are approximate. 
Stagnant air temp was measured above test element. 
Fan was placed about 18 inches in fron of filters, and half-way between them. 
P 
Flow Rate Tin Tout dT 
(gpm) (F) (F) (F) 
6 196 196 0 
5 196 194 -2 
Appendix B 
Tin dT 
(F) Tout(F) (F) 
196 196 0 
195 195 0 
4 
4 
3 
2 
1 
I 
6 
Notes: 
196 
196 
198 
197 
193 
195 
198 
194 -2 
194 -2 
196 -2 
194 -3 
188 -5 
193 -2 
198 0 
196 
195 
197 
196 
192 
195 
199 
95 
94 
96 
94 
89 
94 
99 
-1 
-1 
-1 
-2 
-3 
-1 
0 
Air speed 
80 1000 
80 1000 
80 1000 
80 1500 
80 1000 
80 1000 
80 1000 
80 0 
80 0 
Air (fpm) 
Date: May 19, 2003 
1 Sump temperature (nominal) = 200 F. 
Stagnant air temp was measured above test 
2 elements. 
3 Fan was placed about 18 inches in front of filters, and half-way between them. 
4 Since no significant temperature changes are seen, future tests are to be cool-down tests. 
Appendix C 
Time(h) 
0 
I 
2 
2.5 
3 
Tin Tout 
(F) (F) dT (F) 
199 199 0 
174 174 0 
161 161 0 
157 157 0 
154 154 0 
Time (h) 
0 
0.75 
1.75 
2.75 
3.1 5 
Tin Tout dTin 
(F) (F) (F) 
200 200 0 
178 177 -22 
164 163 -36 
156 155 -44 
150 149 -50 
Test Element 
Tin Tout 
(F) (F) dT (F) 
197 197 0 
183 183 0 
162 162 0 
154 154 0 
152 152 0 
Tair Ts Airflow 
(F) (F) (fpm) 
84 194 1800 
80 175 1800 
82 161 1800 
81 153 1800 
81 147 1800 
Cool-Down Test -with air flow 
Time 
(min) 
0 
15 
30 
40 
50 
60 
Time 
(min) 
0 
15 
30 
40 
50 
Reference 
Tin Tout dTin 
(F) (F) (F) 
197 197 0 
180 179 -17 
167 166 -30 
160 159 -37 
154 153 -43 
150 149 -47 
Tair Ts 
(F) (F) 
84 191 
80 170 
77 156 
76 151 
83 150 
Tair Ts 
(F) (F) 
89 190 
88 178 
82 158 
78 150 
77 149 
Tair 
 
85 
79 
80 
80 
80 
80 
Ts 
0 
190 
177 
165 
157 
151 
146 
Air flow 
(fpm) 
1800 
1800 
1800 
1800 
1800 
1800 
Procedure 
1 Same test rig is used as previously. Oil filters have filter element removed. 
2 Heater and pump are turned on for 1 hour. 
3 One line is closed and oil is pumped through other. 
Oil flow is set at 3 
5 Initial nominal sump temperature (Ts) is set at 200 F. 
4 gpm. 
6 Heat is turned off and cool-down (dTin) is recorded. 
7 Test element is inserted into line at filter, and steps 1-5 are repeated. 
Appendix D 
Air 
speed 
(fpm) 
0 
0 
0 
0 
1500 
1500 
1500 
1500 
2500 
2500 
2500 
2500 
Flow 
rate 
0 
2 
I .5 
1 
0.5 
2 
1.5 
1 
0.5 
2 
1.5 
I 
0.5 
Test Cooler 
Tin Tout dTt Tair 
194 195 1 86 
193 192 -1 87 
193 192 -1 87 
194 192 -2 87 
194 187 -7 85 
192 184 -8 85 
191 181 -1 0 85 
190 175 -1 5 85 
192 186 -6 86 
193 185 -8 86 
I90 179 -1 1 86 
189 171 -1 8 86 
(F) (F) (F) (F) 
Reference Cooler 
Tin Tout dTr Tair 
197 195 -2 84 
195 194 -1 84 
195 193 -2 84 
196 192 -4 84 
194 177 -1 7 86 
192 172 -20 84 
192 166 -26 84 
191 158 -33 84 
192 174 -1 8 84 
193 171 -22 84 
193 166 -27 84 
190 158 -32 84 
(F) (F) (F) (F) 
Notes: Date: August 10, 2004 
Same test rig is used as previously with one filter removed and replaced with 
1 cooler. 
2 Sump temperature (nominal) = 200 F. 
Air temp was measured 3 inches in front of center of oil 
3 coolers. 
4 Fan was placed about 18 inches in front of coolers, with a duct directing flow. 
5 Reference cooler is NAPA Transmission Oil Cooler Part # ATP 1-4823 
